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Abstract

A new episode of unrest and phreatic/phreatomagmatic/magmatic eruptions occurred at Ambae volcano, Vanuatu, in 2017-
2018. We installed a multi-station seismo-acoustic network consisting of seven 3-component broadband seismic stations and
four 3-element (26—62 m maximum inter-element separation) infrasound arrays during the last phase of the 2018 eruption
episode, capturing at least six reported major explosions towards the end of the eruption episode. The observed volcanic
seismic signals are generally in the passband 0.5-10 Hz during the eruptive activity, but the corresponding acoustic signals
have relatively low frequencies (< 1 Hz). Apparent very-long-period (< 0.2 Hz) seismic signals are also observed during the
eruptive episode, but we show that they are generated as ground-coupled airwaves and propagate with atmospheric acous-
tic velocity. We observe strongly coherent infrasound waves at all acoustic arrays during the eruptions. Using waveform
similarity of the acoustic signals, we detect previously unreported volcanic explosions at the summit vent region based on
constant-celerity reverse-time-migration (RTM) analysis. The detected acoustic bursts are temporally related to shallow
seismic volcanic tremor (frequency content of 5-10 Hz), which we characterise using a simplified amplitude ratio method
at a seismic station pair with different distances from the vent. The amplitude ratio increased at the onset of large explosions
and then decreased, which is interpreted as the seismic source ascent and descent. The ratio change is potentially useful to
recognise volcanic unrest using only two seismic stations quickly. This study reiterates the value of joint seismo-acoustic
data for improving interpretation of volcanic activity and reducing ambiguity in geophysical monitoring.

Keywords Volcanic tremor - Low-frequency infrasound - Ground-coupled airwave - Eruption detection - Tremor source
depth

Introduction

Basaltic eruptions are a dominant volcanism on Earth
although the volcanic activity is mostly related to subma-
rine volcanoes (e.g., Parfitt 2004; Siebert et al. 2010, 2015).
Editorial responsibility: A. Cannata; Deputy Executive Editor: Volcanic gas within basaltic magma may lead to explosive
L. Pioli eruptions (Parfitt 2004) which represent a significant hazard

D4 Iseul Park

ipark.volc @kigam.re.kr 4 Us. Geological Survey, Hawaii Volcano Observatory, Hilo,

. . . HI 96720, USA
School of Earth and Environment, University of Canterbury,
Christchurch, New Zealand Department of Earth Science and Earth Research Institute,
. . University of California, Santa Barbara, CA, USA
GNS Science, 1 Fairway Dr., Avalon, Lower Hutt,
New Zealand GNS Science, Wairakei Research Centre, Taupo,
. New Zealand
Center for Mt. Baekdu Volcano Research, Korea Institute
of Geoscience and Mineral Resources, 124 Gwahak-ro, Vanuatu Meteorology and Geohazards Department,

Yuseong-gu, Daejeon 34132, Republic of Korea Port Vila, Vanuatu

Published online: 17 August 2021 @ Springer


http://orcid.org/0000-0002-4541-3269
http://crossmark.crossref.org/dialog/?doi=10.1007/s00445-021-01474-z&domain=pdf

60 Page 2 of 15

Bulletin of Volcanology (2021) 83:60

to vulnerable island nations like Vanuatu. This study high-
lights the benefits of complementary campaign style seismo-
acoustic monitoring that is well integrated with the gov-
ernmental response during an eruptive crisis. Manaro Voui
(also called Aoba or Ambae) is a basaltic shield volcano
on Ambae Island of the Vanuatu archipelago (Fig. 1a). It
has been active since the late Pliocene or early Pleistocene
(Warden 1970). The volcano has three crater lakes (Ngoru,
Voui, and Lakua) at the summit and recently experienced
various eruptions and degassing episodes from Lake Voui
in 1995 (Global Volcanism Program 1995; hereafter GVP),
2005-2006 (Bani et al. 2009; Németh and Cronin 2009),
2011 (GVP 2013), 2016 (GVP 2018), and 2017-2018 (GVP
2019; Moussallam et al. 2019). The latest eruption episode
began on 6 September 2017, with phreatic explosions that

transitioned into Strombolian eruptions and lava effusion.
Due to this increased activity, Vanuatu Meteorology and
Geohazards Department (VMGD) raised the Volcanic
Alert Level (VAL) to 3 indicating minor eruption. This
episode ceased in late October 2018 and was divided into
four phases. The brief timing of these phases is described
in Moussallam et al. (2019) and GVP (2019) with slightly
different time spans. During the 2017-2018 episode, the vol-
cano displayed phreatic, phreatomagmatic, and magmatic
eruptions with ash, steam, gas, and lava from Lake Voui,
which led to an emergency evacuation of all residents to
neighbouring islands in August 2018.

Research about Ambae eruptive activity is challenging
due to its relatively remote location. Geological (Németh and
Cronin 2009; Moussallam et al. 2019), geochemical (Bani
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Fig.1 a Location map of Ambae in Vanuatu with b contour map
based on CGIAR-CSI SRTM 90-m DEM data. The contour intervals
are 100 up to 1300 m and 50 m for higher elevation to denote lakes
(the red line represents Lake Voui). The temporary seismic (ABS)
and acoustic (ABA) network is indicated by inverted triangles, and
stations having technical issues are denoted as circles behind the
inverted triangles. An asterisk denotes the vent location at the sum-
mit. The inset figures indicate configuration of the acoustic arrays.
¢ Timeline of the 2017-2018 episode and d RSAM (um/s) for our
observation period used in this study. The RSAM is computed using
10-min sampled vertical data recorded at ABSS5, and detailed RSAM
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information is described in the “Seismo-acoustic data analysis” sec-
tion.The key observations are indicated by stars in the timeline and
vertical lines (VAAC ash advisories) in the RSAM data. The opera-
tion of seismic and acoustic stations marks green and blue horizontal
bars, respectively. The tick marks on the RSAM time axis denote Ist,
10th, and 20th of each month. The detailed operation of individual
sensors for the early observation period is shown in Fig. S1. Most
date are UTC with two exceptions (6 September 2017 and 1 July
2018) that have no detailed time information and provided as local
time (Vanuatu time; VUT)
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et al. 2009), and seismic (Rouland et al. 2001) observations
over the past two decades are related to the range of activity
including the 1995, 2005-2006, and 2017-2018 eruption
episodes. However, adequate understanding of eruptive
behaviour and the drivers of volcanic activity is limited for
Ambae. More broadly seismo-acoustic observations have
become increasingly important for monitoring volcanic
activity worldwide (e.g., Johnson and Aster 2005; Petersen
and McNutt 2007; Jolly et al. 2014; Matoza et al. 2018,
2019a; Ishii et al. 2019). Hence, GNS Science (New
Zealand) and VMGD collaboratively developed a science
response project to aid in understanding of activity. A
key aspect of this project was to explore the controls on
the explosive eruptive behaviour at Ambae, resulting in a
temporary deployment of a local seismo-acoustic network on
the island to capture volcanic activity and support improved
monitoring capabilities (Fig. 1b).

In this study, we investigate the general characteristics of
seismic and acoustic (seismo-acoustic) activity at Ambae
from July 2018 to January 2019, which partially includes
the last phase in the 2017-2018 eruption episode. We thus
examine volcanic activity associated with eruptions and the
post-eruption period. Seismo-acoustic observations provide
an opportunity to understand volcanic eruption dynamics
and subsurface processes. To this end, we apply several
standard processing techniques to this novel dataset. We
obtain insights about the shallow conduit dynamics for an
explosive basaltic eruption that is likely driven by extensive
magma-water interactions.

Eruption episode and temporary network
Eruption episode
Ambae volcano entered the fourth phase of the 2017-2018

eruptive episode on 1 July 2018 (Vanuatu time; VUT) with
an ash eruption followed by minor eruptive activity (GVP

2019; Fig. 1c). More intense eruptions of ash were reported
from 16 July by the Wellington Volcanic Ash Advisory
Centre (Wellington VAAC; Fig. 1d), with intense volcanic
activity persisting until early August. As the activity
proceeded, VMGD issued an alert level bulletin raising the
VAL to level 3 indicating minor eruption (Vanuatu volcano
alert bulletin N°7) on 21 July 2018 (VUT). In August,
the intensity of eruptive activity diminished (Moussallam
et al. 2019), but minor emissions of gas/steam and ash
continued (Vanuatu volcano alert bulletin N°8). On 1, 6,
and 8 September, four explosions with ash advisories were
reported by the Wellington VAAC but by 21 September
(VUT), the activity diminished and VMGD lowered the
VAL to level 2. The last ash advisory was issued following
a short-lived ash/steam explosion on 30 October 2018. Since
then, no obvious eruptions have been identified except for
gas-steam venting activity reported by VMGD volcano
alert bulletins on 6, 7, and 21 January 2019 (VUT) (GVP
2019). Lava activity apparently ceased in October 2017, but
MODVOLC thermal alerts were issued until 14 January
2019.

Temporary network

From mid-July 2018, GNS Science and VMGD operated
the temporary seismo-acoustic network. Seismic activity
was observed at seven 3-component broadband sensors
(ABS1-ABS7) from 13 July 2018 to 25 September 2019
(Figs. 1 and 2). The portable seismometers recorded on
local flash drives and were serviced approximately every
3 months. The seismic stations consisted of Nanometrics
Trillium compact 120 s broadband sensors and Taurus digi-
tizers. To minimise risk due to volcanic activity, the sta-
tions were located between 8 and 18 km away from Lake
Voui, which may limit the capacity to detect some of the low
energy seismic signals produced from the vent area. For the
early operational period, only a subset of the stations was
available due to a progressive schedule of the installation

Fig.2 a Aerial photo taken on 17 July 2017 (photo credit: Joshua
Kaboha-Air Taxi Vanuatu). b Seismic sensor installation photos
at ABS3 and c infrasound microphone at ABAS array, respectively
(photo credit: Arthur Jolly-GNS Science). d Drone image of ABA2

array and its central element collocated with ABS2 (photo credit:
Richard Johnson-GNS Science). The red arrow points towards the
vent
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for each station and subsequent recording problems (Fig.
S1). The ABS1 sensor was significantly contaminated by
low-frequency periodic noise, and ABS2 was often influ-
enced by non-volcanic local sources. During the early
observation period, ABS6 had a gain issue and ABS7 rarely
operated. All seismic signals were sampled at 100 Hz, and
background seismic noise (Ocean microseism) has a peak
frequency ~0.2 Hz.

Four acoustic arrays (ABA1, ABA2, ABAS, and ABA6)
were also deployed from 4 August 2018 to 25 September
2019, and each array is comprised of three elements (Figs. 1
and 2). The infrasound microphones are InfraBSU (Boise
State University) type with a flat response from 30 s to
Nyquist, a sensitivity of 45.13 Vu/Pa, and linear range of
+ 124.5 Pa (Marcillo et al. 2012). Signals are sampled at
100 Hz on Omnirecs DATA-CUBE digitizers. The inter-
element distances range from 26 to 62 m, and the central
elements are collocated with the corresponding seismic sen-
sors (Fig. 2d). One element of ABAS was long-term gain
and acquisition issues, and one of ABA6 was influenced by
local noise. The technical and acquisition issues of seismo-
acoustic sensors rendered the sensors unusable for some
observational tasks. We thus summarised a list including
analytical methods and used stations in Table S2.

Seismo-acoustic data analysis

We investigated Ambae volcanic activity for the period
between the onset of temporary network operation and the
end of January 2019 (Fig. 1c) to capture possible seismo-
acoustic activity related to steam emissions. Because of
the difference between operation periods for seismic and
acoustic sensors, only the five reported ash explosions in
September and October 2018 were recorded on both sen-
sor types (Fig. 1c). Some explosions included two or three
distinct pulses around the approximate eruption time given
by the Wellington VAAC (Fig. 3).

Overall observation of seismic data suggests that the
volcano generally produced tremor during periods of
eruptive activity. These comprised the frequency range of
0.5-10 Hz with a dominant frequency of ~ 1 Hz (Fig. 3).
Volcanic tremor is often observed at active volcanoes
before and during eruptions with amplitude and frequency
variations (e.g., Battaglia et al. 2005; Chouet and Matoza
2013; Chardot et al. 2015; and references therein); hence, it
is regarded as an essential tool to monitor volcanic activity
(Alparone et al. 2003 and 2007). Its mechanism is generally
related to volcanic fluid movement (e.g., Aki et al. 1977;
Ferrick et al. 1982; McNutt 1992; Julian 1994; Konstantinou
and Schlindwein 2002; Nadeau et al. 2011; Fee et al. 2017;
Salerno et al. 2018). To examine temporal variations in
tremor activity at Ambae, we computed “real-time” seismic
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amplitude measurement (RSAM; Endo and Murray 1991)
using 10-min sliding window after filtering in the 0.5-10 Hz
band (Fig. 1d). Tremor amplitudes vary over the observation
period, but frequency content remains nearly consistent
without remarkable changes although it is slightly different
across stations. Elevated tremor activity dropped to noise
level on 25 July 2018 and suddenly resumed with the largest
explosion of 2018 on 26 July. The subsequent tremor activity
diminished in early August 2018, and occasional activity
lasted until 30 October 2018 when the last ash explosion
was reported. Additionally, the RSAM data temporarily
increased in mid-December 2018 due to an eruption and
earthquake swarm activity around Ambrym Island located
in about 100 km south of Ambae.

Acoustic observations were not available in July—early
August 2018 when the intense volcanic activity occurred,
whereas the five reported explosions in September and
October 2018 were well recorded. The acoustic signals
from Ambae are predominantly < 1 Hz (Fig. 3), and this
low-frequency-dominant infrasound signal is unusual at vol-
canoes. Compared to short-duration impulse signals, cases
are uncommonly observed associated with volcanic erup-
tions: e.g., Mount St. Helens in USA (Moran et al. 2008),
Ruapehu in NZ (Jolly et al. 2010), Pagan in Mariana Islands
(Lyons et al. 2016), Lokon-Empung in Indonesia (Yamada
et al. 2017), Aso, Kuchinoerabujima, and Kirishima in Japan
(Yamada et al. 2017), and Bogoslof in Alaska (Lyons et al.
2019; Fee et al. 2020). At Ambae, low-frequency signals

Fig.4 Ground-level wind infor- a
mation observed at (a) Pekoa sS14° I !

are clearly observed in raw unfiltered seismograms during
explosions (Fig. 3). At the frequency band of 0.02—-1 Hz,
we computed corresponding “real-time” infrasonic ampli-
tude measurement (RIAM) of 10-min data (Fig. 4). Unlike
RSAM, the RIAM trends are possibly influenced by wind
noise (including by a south-eastern prevailing wind direc-
tion) rather than volcanic activity (Fig. 4). The reported
explosions are discriminated as distinct high amplitudes
from the general RIAM trend. Their zero-to-peak pres-
sures are 7—73 Pa at the central element of ABAS5 located
9.1 km apart from the vent (Fig. 3). Their waveforms are
composed of complex extended wave trains. Each explosion
was recorded as highly coherent signals at the low frequency
band (< 1 Hz) throughout most acoustic arrays, which allow
to be discriminated from incoherent wind noise.

Method to check for air-to-ground-coupled waves
in seismograms

Acoustic waves emitted from volcanic explosions sometimes
couple significantly with the ground. Observations and mod-
elling to date indicate that air-to-ground coupling (propagat-
ing at acoustic velocity) is more common given volcanic
source and velocity structure configurations than ground-
to-air coupling (propagating at seismic, e.g., Rayleigh wave
velocity Matoza et al. (2009)), although both ground-air
and air-ground coupling have been documented in seismo-
acoustic publications (Blom et al. 2020). Air-to-ground
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conversions or ground-coupled airwaves have been observed
in local to remote volcano monitoring systems (Hagerty
et al. 2000; Johnson and Malone 2007; De Angelis et al.
2012; Ichihara et al. 2012; Matoza and Fee 2014; Fee et al.
2016; Ichihara 2016; Nishida and Ichihara 2016; Smith et al.
2016; Matoza et al. 2018; Mckee et al. 2018; Haney et al.
2020; Kurokawa and Ichihara 2020; Sanderson et al. 2020).

To check for air-to-ground-coupled waves in seismo-
grams, (1) cross-correlation (Ichihara et al. 2012), (2) coher-
ence (Matoza and Fee 2014), (3) response function (Ichihara,
2016; Kurokawa and Ichihara, 2020), and (4) reverse-time
migration (RTM) have been applied. Variations on the RTM
method include back projection, stacking, source scanning,
and time-reversal (e.g., Walker et al. 2011; De Angelis et al.
2012; Jolly et al. 2014; Sanderson et al. 2020). This approach
is originally used to locate seismic (Ishii et al. 2005; Kiser
and Ishii 2011) and acoustic (Jolly et al. 2014; Sanderson
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Fig.5 An example of ground-coupled airwaves for the explosion on 1
September 2018. a Normalised frequency spectra of unfiltered acous-
tic (blue; ABAS) and low-pass filtered seismic (red; ABSS5) wave-
forms and b the VLP band (0.03-0.1 Hz) seismograms. The velocity
of 340 m/s is indicated as the red line. ¢ Average correlation-coef-
ficients (r) between the five seismic waves and their stacked waves
after time-shifting to the vent using the given velocities (x-axis has
log scale). High r of 0.87 is observed at 340 m/s (vertical dashed line)
implying acoustic wave velocity. d Filtered infrasound (ABAS) and
polarity-reversed vertical displacement (ABS5), and both amplitudes
are normalised (amplitude scale factor=31.5 Pa/um)
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et al. 2020; Fee et al. 2021) sources related to volcanic erup-
tions, while here we identified the dominant propagation
velocity across a seismic network. For the Ambae eruptions,
the dominant frequency band of acoustic waves significantly
differs from that of seismic tremor (Fig. 3). We note that a
spectrum of seismic data in a very long period (VLP) band
is nearly identical to that of unfiltered infrasound (Fig. 5a).
We thus assume that seismic VLP signals are not related to
subsurface volcanic processes and are highly contaminated
by acoustic pressure induced from explosions. To test this
hypothesis, we applied the RTM technique to the seismic
VLP signals bandpass filtered at 0.03—-0.1 Hz (Fig. 5b). This
method simply stacks all seismic or acoustic waveforms
after shifting and aligning travel times to a trial location
within a designated area and then determines an optimal
source position where the highest stacking value is observed.
Jolly et al. (2014) additionally adopted an alternative way
using the average correlation coefficient (), which is also
applied here. To compute r, the aligned signals are stacked
as the same way of the stacking RTM technique and then
an average value is calculated using correlation coefficients
between the stacked waveform and individual shifted sig-
nals. We fixed a source location at the vent to confirm only
the propagation velocity. We then computed r for the five
explosions using trial wave velocities from 300 to 4000 m/s.

Method to distinguish infrasound and non-volcanic
noise

We have ash plume information based on 67 volcanic ash
advisories from the Wellington VAAC for our observa-
tion period, which were mostly issued in July except for
the five explosions in September and October 2018. Aside
from these reports, the RSAM and RIAM data imply addi-
tional potential explosions. To identify additional unreported
explosions, we applied the RTM method to filtered infra-
sound signals in VLP band where most energy is concen-
trated (Fig. 3). Using the VLP waveforms allows us to obtain
clean RTM results. At high frequency, the signals are less
coherent and result in complicated RTM that are probably
affected by topographic effects. Before application to the full
acoustic time-series, we first analysed the reported explo-
sions recorded using 11 elements. Source locations were
searched within a 2D grid of 36 x 25 km at the vent elevation
with 500 m spacing under the assumption that the acous-
tic signals propagate at a steady velocity within a range of
310 to 370 m/s. Although variations in velocities were not
significantly sensitive to location results because acoustic
signals concentrate on low frequencies, we tried to deter-
mine an optimal sound speed. In general, the results show
a strong correlation with 350 m/s at the vent (Fig. S3). One
example of the RTM results is shown in Figs. 6a, b, and
c. We confirmed that acoustic source locations for the five
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Fig.6 An example of acoustic source location (red) for the explosion
on 1 September 2018 from application of the RTM method using (a)
coarse (36X 25 km grid with 500 m interval) and (b) fine (6x4 km
grid with 100 m interval) grid searching. ¢ The acoustic waves of 11
elements (grey) shifted back towards the vent using the consistent
propagation velocity of 350 m/s and their stacked wave (black). These
waveforms are filtered at a range of 0.02-0.1 Hz to minimise high

known explosions occurred at the same vent position with
r>0.89 depending on signal quality.

The detection algorithm for potential volcanic explo-
sions thus searched airwaves produced from the single vent.
Acoustic waveforms within a 4-min moving window with
50% overlap for preventing potential non-detection were
triggered from the continuous data if the signals have a
maximum r at the vent within a 6 X 4 km grid. We also
applied the RTM method to apparent seismic VLP (using
an acoustic trial velocity assuming air-to-ground coupled
waves) to detect possible explosions when only the seismic
network was deployed. We computed r using four seismic
sensors (ABS2—-ABS5). To check detection capacity, we
tested source locations of the September and October explo-
sions using both five and four sensors. The derived source
locations using both station sets are the same with little dif-
ference in r values.

frequency topography effects; hence, the results show high similarity
(~0.97). Detection results from the RTM approach for possibly unre-
ported explosions are shown in d and e. Vertical red lines indicate the
Wellington VAAC ash advisories. d Strong coefficients (arbitrarily set
to r > 0.8) indicate potential volcanic explosions, and e the cumula-
tive number of these explosions

Seismic tremor source location

The eruption sequence seismic observations at Ambae are
enigmatic in the sense that there is very little local volcano
tectonic (VT), long-period (LP; 0.5-10 Hz), and very-
long-period (VLP; < 0.1 Hz) earthquake activity. For the
observation period, we detected only < 10 VTs by a STA/
LTA (short-term average/long-term average; Trnkoczy
2009) detection algorithm. To identify subsurface LP
and VLP activity indicating volcanic fluid movement
beneath the Lake Voui, we applied both the STA/LTA
and a waveform semblance method (e.g., Kawakatsu et al.
2000; Jolly et al. 2018; Park et al. 2020) to the continuous
seismic data, but no significant events (semblance <0.2)
were detected.

Instead, the primary seismic observations were
expressed as tremor in semi-continuous or short duration
bursts. The dearth of discrete seismic events hinders our
efforts to understand the subsurface processes that might

@ Springer
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have operated during the deployment. Nevertheless, we
are specifically interested in the application of methods
that can point to subsurface magma residence and storage
prior to eruption because these may offer opportunities
to understand magma propagation properties that may
ultimately be useful for hazards forecasting. Because
we are limited to the tremor signal amplitude, we here
explored the application of the amplitude source location
(ASL) technique (e.g., Jolly et al. 2002; Battaglia and Aki
2003; Kumagai et al. 2009, 2011 and 2013; Térraga et al.
2014; Ogiso and Yomogida 2015, Ichihara and Matsumoto
2017). ASL is increasingly popular as a means of locating
emergent onset seismic activity. The approach utilises the
amplitude decay as distance increases and it is appropriate
to apply with tremor data having no clear P- or S-wave
phases. However, a dense seismic network is needed to
minimise location errors. Alternatively, Taisne et al.
(2011) proposed a simple ratio method using the seismic
intensities (amplitudes) recorded at a sensor pair to easily
catch interesting information from near real-time data.
Similar methods using RMS amplitude at Mount Spurr
(McNutt et al. 1995) and amplitude computed from the
power spectral density at Shinmoe-dake (Ichihara and
Matsumoto 2017) were used to estimate tremor source
locations.

We followed the amplitude ratio approach suggested by
Taisne et al. (2011) to estimate tremor source locations. The
seismic amplitude ratio is estimated as follows:

! dl ! t_ gt
- <_J> e M
I d
J i
with
zf
B=2L
0p @

where /; and /; are the seismic amplitudes at a sensor pair
of i and j located at distances d; and d; from the source,
respectively. The index n is determined by either surface
wave (n = 0.5) or body wave (n = 1) assumption, and B is
denoted as a function of frequency f, quality factor O, and
shear wave velocity f.

For our analysis, we used the input data of 5-10 Hz (f
=7.5 Hz). This band is recommended to assume isotropic
source radiation (Takemura et al. 2009; Kumagai et al. 2010).
As part of pre-processing, we normalised the seismic data using
coda wave of regional earthquakes following the same method
as Ogiso and Yomogida (2015) to reduce site effects (Phillips
and Aki 1986). We then performed two procedures suggested
by Taisne et al. (2011): (1) calculate envelope and (2) reduce
the sampling rate. The envelope was determined as a norm
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between Hilbert transform and filtered waveform and resampled
as the median value of 10-s window to exclude transient events.
To eliminate tectonic earthquakes, Taisne et al. (2011) applied
a median filter using a 5-min sliding window, but here we
applied a 1-min window filter to avoid diminishing explosive
signals. The amplitude ratios I!"" / I]‘ min ysed in this study were

computed using a pair of stations ABS3/ABS4 (I} /I'min)
over the observation period. We also computed additional pairs
of stations (Fig. S4), and variations in the ratios of multiple
station pairs mostly show similar trends to 1,” /I\"" Their
discrepancy might indicate lateral source migration, but in this
study, we will not deal with this in detail due to limited coverage
of station configuration which may lead to biased results. Note
that we only considered the time periods when the amplitudes
of both ABS3 and ABS4 were three times stronger than noise
level (0.32 and 0.41 um/s) in the 0.5-10 Hz band and the
amplitude at ABS3 was two times stronger than noise level
(0.04 um/s) within the 5-10 Hz passband. These noise levels
were determined from the quietest period in November 2018
after the October 30 explosion. These filters highlight only
interesting high amplitude tremor and exclude periods when
local volcanic activity was not present. In a detailed analysis of
the ratios, we found that some volcanic tremor was recorded as
weak signals at ABS4 and contaminated by local noise at the
same time yielding incoherence compared to other stations.
This implies that high-frequency signals of volcanic tremor
were attenuated through propagation. We thus excluded signals
having low RMS amplitude ratios computed within low
(0.5-5 Hz) and high (5-10 Hz) frequency bands to eliminate
high frequency noise.

Results
Ground-coupled airwaves

We applied the RTM approach to the seismic signals of the
VLP passband for checking propagation velocity. Results
indicate that the explosions dominantly propagated with
low velocity (335-365 m/s) implying sound wave velocity
and therefore propagation through the atmosphere. These
ground-coupled airwaves may also be observed within ver-
tical displacement data (Yamada et al. 2016; Matoza et al.
2019b). To first order, positive pressure induces a down-
ward displacement, and vice versa (Matoza et al. 2019b).
Therefore, the polarity reversed displacements in the VLP
band appear nearly identical to the propagated air-pressure
variations. One example, from 1 September 2018, is shown
in Fig. 5. Our observations clearly support that the apparent
seismic VLP signals related to acoustic explosion signals at
the Ambae summit vent region.
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Detection of volcanic explosions

The RTM detection results show many of additional acoustic
bursts having high r in the period August to October 2018
and in January 2019 (Fig. 6d). Interestingly, the coefficient
trend remarkably decreased after the last reported explosion
on 30 October 2018, and a strong r of 0.98 was detected
on 5 January 2019. The 2019 acoustic burst may affect
the subsequent gas-steam emissions although we have no
information about the onset and duration of the emitting
activity. In the results, we interpreted acoustic bursts that
have high correlation (r > 0.8) as volcanic explosions. The
choice for the threshold is arbitrary and based on a trade-
off between collection of a reasonably full set of possible
eruptions and high probability of a near-vent emission based
on high coherence. We also manually identified more than
400 acoustic bursts, which include impulse and complicated
waves, on the basis of the triggered results. Most acoustic
bursts (~70%) occurred in October before the last explosion
(Figs. 6d and 6e), and their amplitudes were relatively low
(~0.5 Pa). The r or infrasound signal detectability could be
affected by strong wind noise level (e.g., Fee and Garces
2007; Matoza et al. 2009 and 2011; Castano et al. 2020;
Sanderson et al. 2021). For example, low r values occurred
in late September and early November when strong RIAM
trends were observed (Fig. 6d). In addition, diurnal
amplitude variations were observed at all arrays (Fig. 4c)
which may cause detection failure during daytime hours.
However, the triggered events (r > 0.8) look nearly identical
to those observed at the time of strong tremor activity, and
this implies that the detection results are related to volcanic
activity.

The RTM approach using the ground coupled airwaves
detected the reported explosions but also had numerous
triggers during periods with no or weak volcanic tremor.
For early observation periods with strong background
tremor, only the largest explosion on 26 July was detected
with a source location at the vent, and no additional
explosions were detected for 16-24 July 2018. The results
are inconsistent with the Wellington VAAC advisories and
RSAM data which show vigorous volcanic activity in July
2018. We thus conclude that air-to-ground-coupled waves
were inconsistently produced and/or recorded at Ambae in
the given station configuration and strong seismic tremor
activity and variable atmospheric conditions probably
obscure the airwaves.

Detection of subsurface processes

Variations in the seismic amplitude ratios may reflect
changes in source locations. Optimal source positions

are determined at a minimum residual error between the
observed and theoretical ratios using all available station
pairs. In our case, however, a lack of station pairs includ-
ing close stations can lead to an increase in location errors.
We also have insufficient restriction of seismic velocity and
attenuation models to calculate theoretical ratios. Thus,
we are limited to an interpretation of the ratios as possibly
related to the relative location between the two stations. In
this case, the location may change in two possible ways: a
change in source depth, with deeper source positions relating
to lower ratio values, or a lateral shift in the source posi-
tion. It is important to state that the characteristic frequency
contents used in this analysis (>5 Hz) appear to preclude
source inhomogeneity as a viable mechanism (Takemura
et al. 2009; Kumagai et al. 2010). In order to adhere to a con-
servative interpretation of the ratios, we only interpret rela-
tive depth changes associated with variations in the observed
ratios and acknowledge the possible impact of lateral tremor
source migration. Our approach is justified based on obser-
vational reports that the vent area changed little throughout
the eruptive episode. We also assume that seismic waves
propagate with a steady velocity through the homogeneous
subsurface affected by a constant attenuation so that ratio
variations fundamentally represent relative depth changes.

To explain tremor activity effectively, we separated
Ambae volcanic tremor into two groups (T1 and T2) depend-
ing on acoustic data availability and a relation to explosions.
Tremor in T1 coincides with volcanic explosions (confirmed
by coherent acoustic bursts; » > 0.8 in Fig. 6d), while T2
consists of pre- and inter-eruption tremor. Note that we
only considered volcanic tremor which is likely to occur at
Ambae. We excluded external sources such as the swarm
activity near Ambrym in December 2018 and the early
observation period when only seismic sensors operated.
To display similarity of clear variations in the ratios, Fig. 7
shows the amplitude ratios (ABS3/ABS4) as a function of
the amplitude of ABS3.

We note that eruptive tremor (T1) shows two different
trends of the ratio variations (Fig. 7a): (1) fluctuating
(low—high-low) ratios with a broad range of amplitudes (red
dots in Fig. 7c) and (2) ratio clusters with a relatively narrow
range of amplitudes (green dots in Fig. 7b). In the former
group, the ratios widely vary between 2 and 12, and the
amplitudes also reach~ 1.5 ym/s. During distinct explosive
activity, the ratios increased prior to the onset of explosions,
and then explosions occurred with high ratio tremor
followed by a return to the low ratios. If we assume that
the ratios relate to depth changes, tremor sources ascended
to near the vent and descended following explosions. The
similar source migration (upward and downward) was
also observed in other volcanoes, Tungurahua (Kumagai
et al. 2011) and Shinmoe-dake (Ichihara and Matsumoto
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Fig.7 Variations in the seismic
amplitude ratios (implying rela-
tive source depths) of eruptive
tremor (T1; r >0.8). a The
amplitude ratios (unitless; dots)
between ABS3 and ABS4 are
displayed as a function of seis-
mic amplitude (#m/s) recorded
at ABS3 at the 5-10 Hz band.
A relative depth variation
beneath the active vent system
is denoted as thick downward
arrows implying greater tremor
source depth. The ratios show
two different trends (b, green;
and c, red), and detailed
information is described in the
“Detection of subsurface pro-
cesses” section. d A theoretical
ratio curve depending on depths
beneath the vent using velocity
(p) of 3.4 km/s and quality
factor (Q) of 35. The eruptive
tremor is likely to be gener-
ated at between the surface and
15 km beneath the vent
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2017). The five reported ash advisories and at least four
additional detected high-pressure explosions belong to this
type. The duration of these distinct tremor episodes is less
than 5 min; hence, the source depths rapidly change during
the explosions. The latter one is mainly observed with low
pressure (< 1 Pa) and continuous low SNR tremor (< 5),
and the ratio changes are relatively consistent between 4

%&; O T2: Pre- & Inter-eruption tremor

15

yide@

1.5

0.5 1
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Fig.8 Amplitude ratio variations for pre- and inter-eruptive tremor
(T2). The ratios were computed using ABS3 and ABS4 at the
5-10 Hz band
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and 7. These tremor excitations are interpreted as a deeper
source excitation rather than near surface, but it is uncertain
because the amplitudes significantly diminished at both
stations after frequency filtering (5-10 Hz).

Aside from these episodes, low infrasound pressure bursts
do not always simultaneously occur with tremor activity. In
some cases, relatively shallow tremor occurred ahead of the
infrasound bursts. However, it is ambiguous how the tremor
activity directly or indirectly plays a role as a cause of explo-
sions due to inconsistent occurrence. The preceding tremor
belongs to T2 which consists of volcanic tremor without
simultaneous explosive activity (Fig. 8). T2 also includes
intermittent tremor between explosions. We thus address T2
as pre- and inter-eruption tremor. Unlike T1, T2 has both
short and long duration tremor. Long-duration tremor show
irregularly fluctuating ratios (and inferred depths) while the
tremor progressed. Conversely, short-duration tremor was
sometimes similar to the first trend of T1. The ratios and
corresponding relative depths for explosive and non-eruptive
tremor cannot be distinguished in a robust statistical way, but
large eruptive tremor show the consistent fluctuating vari-
ations in the ratios with acoustic activity of high pressure
(Fig. 7). Therefore, the changes in the ratios and relative
depths are likely to be used to quickly recognise volcanic
unrest.
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Discussion

As infrasound signals weakly attenuate in the atmosphere,
they allow for eruptive activity to be detected by local and
remote arrays (e.g., Matoza et al. 2007, 2019a; Fee et al.
2011; Fee and Matoza 2013). Owing to weak attenuation
at local distances, we observe coherent infrasound waves
at the given acoustic arrays during the Ambae eruptions.
Moreover, low-frequency content in the eruptive infrasound
signals is dominant, which leads to successful detection of
“unreported” explosions through the aforementioned RTM
method. Determining acoustic source locations requires
careful interpretation because the RTM results often point
to different source positions rather than the vent due to cycle
skipping of waveform cross-correlation coefficient, and these
are observed along with ENE-WSW because of the sensor
array response (see other examples producing high correla-
tion coefficients in Fig. 6a). At Ambae, the acoustic source
appears to propagate from a single position consistent with
the vent, providing confidence that we can detect such events
using the acoustic data.

Interestingly, Ambae eruptive infrasound signals mostly
consist of a train of multiple pulses (Fig. 3). At Aso vol-
cano, Yamada et al. (2017) observed similar pulse trains
of infrasound VLP signals and confirmed that these are
associated with the emergence of new ash emissions using
video images. Although we have no comparable visual
observations, our observed waveforms at Ambae are likely
to result from a similar sequence of multiple explosions. The
low-frequency (VLP) nature of the multiple pulses is also
noteworthy. Such VLP infrasound associated with explo-
sion mechanisms while not unprecedented is not typical.
Low-frequency content could be attributed to a submerged
vent, with water acting as a low-pass filter (Fee et al. 2020).
The active vent at Ambae is centred on Lake Voui, and lake
water may be involved in the explosion and acoustic source
mechanism. However, we can only infer lake water-magma
interaction from eruption style (phreatomagmatic) due to
inadequate visual observation. We note that ash collected
from under the depositing plume was very fine, character-
istic of phreatomagmatic eruptions (Kilgour et al. in prep.)
and thus indicating lake water involvement.

Volcanic tremor was examined using the seismic
amplitude ratios recorded at the close (ABS3; ~8.5 km) and
far (ABS4;~17.4 km) field stations. The lack of available
close stations (< a few kilometres) to the vent may lead to
a loss of detection capability for the smallest explosions,
which may in turn lead to biased source positions. We thus
restricted the subsurface location analysis by relative depth
beneath the vent. The analysis shows that shallow tremor
activity at Ambae mostly coincides with the large explosions
based on the coherent high amplitude acoustic bursts, and

the depths then descend as the eruptions progress. The
absence of close stations also leads to a possible reason
of non-detection of subsurface LP and VLP beneath the
vent area which may be influenced by eruption. If Ambae
produced subsurface LP and VLP signals, the amplitude
(magnitude) would be insufficiently low to detect at the
given network. Thus, we cannot confirm low-level seismic
activity for this eruption sequence.

The detected explosions did not always occur with shal-
low tremor. For example, the explosive activity in October
2018 was detected by small acoustic signals (mean zero-to-
peak of ~0.5 Pa) and the corresponding seismic signals may
be too weak to detect above the noise level at the given sta-
tions (> 8.5 km). Ripepe et al. (2001) also observed that high
amplitude seismic signals related to small acoustic impulses
diminished with increased distance at Mt. Etna in 1998. On
the other hand, one plausible mechanism is that tremors con-
tinuously occurred prior to the explosive infrasound events
and hence could directly or indirectly contribute to trigger-
ing within the near surface volcanic system. Another feasible
assumption is gas coalescence in magma followed by bubble
bursting (Ripepe and Gordeev 1999; Girona et al. 2019).
Although these are unidentified from our analysis, it might
be a worthwhile further study on gas/magma modelling at
Ambae.

Ambae volcanic system has been rarely studied. A recent
petrological study of the 2017-2018 eruptive scoria sug-
gested that Ambae hosts a shallow magma reservoir between
0.5 and 3 km (relative to the summit), where magma likely
stalled prior to eventual eruption (Moussallam et al. 2019).
Furthermore, they suggested that the origin of erupted
magma is~ 14 km. In our case, explosive tremor mostly
have the ratios of >4 implying that the tremor is generated
at between the surface and 15 km beneath the vent assuming
the velocity f of 3.4 km/s and quality factor Q of 35 (Fig. 7d).
The velocity referred to Prevot et al. (1991) as an average
velocity and the quality factor was determined from a syn-
thetic test with the reported explosions. Although we have
analysed relative depth variations because neither parameter
is constrained, the source depth from the theoretical ratio
and comparable observed ratios well overlaps with magma
origin from other paper (Moussallam et al. 2019). However,
it is difficult to recognise more detailed spatial geometry of
the magmatic system at Ambae because discrete locatable
seismicity did not occur, and the limited network geometry
could not resolve horizontal variations in seismic tremor.

The implied depth range for source migrations must also
be tested against plausible source migration processes. If
the tremor source indeed migrated several kilometres over
an observation period of a few minutes (Fig. 7), a plausible
mechanism must be found. Plausible mass advection times
have been modelled for the ascent of fluids from depth
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towards the surface (Jolly et al. 2018). However, such
analyses were done for gases in hydrothermal systems,
not for magmatic conditions likely at Ambae, and it seems
unlikely that a downward post-eruption advection would
occur at the suggested rates. Alternatively, the propagation of
a pressure front through the fluid filled conduit is plausible.
In this case, the downward migration of a depressurisation
front or bubble growth might be evoked (Kumagai et al.
2011). However, it is uncertain what mechanism might
produce a broad-spectrum migrating source within an
established vent system. A third possible mechanism
could relate to the existence of two superimposed source
locations, one at the eruptive vent, and a second at depth.
The deeper source might be more persistent but excited
at lower amplitudes, while the vent source may only be
excited during eruptive activity, then the superposition of
the two source processes might produce an apparent and
rapid change in the ratios. A variation on this concept might
relate to a linear excitation of an extended vent structure.
In this case, the entire vent structure may be excited for an
extended duration, but the shallow vent area is energetically
dominant during the active eruptive episode. We regard this
mechanism as plausible but unconfirmed by the data.

As an alternative to a source migration mechanism dis-
cussed above, we might consider some alternative processes.
For example, the seismic amplitude ratios are probably
affected by other factors such as changes in velocity and
attenuation. Although we assumed the steady and isotropic
elastic medium in this study, temporal changes caused by
pressure variations have been commonly observed at active
volcanoes associated with eruptions (Fehler et al. 1988;
Ratdomopurbo and Poupinet 1995; Brenguier et al. 2008;
Duputel et al. 2009; Caudron et al. 2019) and may yield addi-
tional uncertainty in our interpretation. As aforementioned,
frequency-dependent attenuation is also a possible impact
factor on the ratios. Thus, the amplitude ratios related to large
eruptions may fundamentally reflect an effect of source depth
changes; otherwise, low amplitude tremor can be signifi-
cantly influenced by attenuation at the given seismic network.
Future study should consider these effects.

Conclusions

We have investigated seismo-acoustic activity excited from
both surface and subsurface processes at Ambae. The tempo-
rary local network dominantly recorded seismic tremor and
low-frequency infrasound signals for the eruptive period.
The complimentary data sets have generally contrasting
frequency contents that indicate their different processes.
Based on the seismo-acoustic features, we suggest three key
observations in this study:
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1) Ground-coupled airwaves are observed as seismic VLP
signals during large explosions at Ambae, and the apparent
VLP are unrelated to subsurface volcanic fluid processes.

2) Explosions can be detected using coherent infrasound
signals, and more than 400 small and large events were
observed at Ambae between August 2018 and January 2019.

3) The amplitude ratio computed using a pair of seismic
data increased at the onset of large explosions and then
decreased. It can be interpreted as the seismic source
ascent and descent between the surface and 15 km depth
beneath the active vent.

Many volcano regions globally still have insufficient visual
surveillance and lack close station seismic deployments. To
overcome this drawback at Ambae, we integrated seismo-
acoustic observations and successfully detected unknown
volcanic explosions associated with shallow tremor activity. As
has been found in numerous other case studies (e.g., Petersen and
McNutt 2007; Jolly et al. 2014; Lyons et al. 2010; Matoza et al.
2007 and 2019b), the combined analyses of seismo-acoustic
data are worthwhile to apply to an early stage of monitoring
for volcanic activity and to quickly determine eruptive events.
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